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1 Introduction
In the past half-century, calorimeters have become very important components of
the detector system at almost every experiment in high-energy particle physics.
This is especially true for 4pi experiments at high-energy particle colliders, such
as LEP and the Large Hadron Collider at CERN, the Tevatron at Fermilab and
RHIC at Brookhaven. Experiments at proposed future colliders such as the FCC
(CERN), CEPC (China) and ILC (Japan) will be designed around a powerful central
calorimeter system.
A calorimeter is a detector in which the particles to be detected are completely ab-
sorbed. The detector provides a signal that is a measure for the energy deposited
in the absorption process. In homogeneous calorimeters, the entire detector volume
may contribute to the signals. In sampling calorimeters, the functions of particle
absorption and signal generation are exercised by different materials, called the
passive and the active medium, respectively. Almost all calorimeters operating in
the mentioned experiments are of the latter type. The passive medium is usually
a high-density material, such as iron, copper, lead or uranium. The active medium
generates the light or charge that forms the basis for the signals from such a calori-
meter.
Among the reasons for the increased emphasis on calorimetric particle detection in
modern experiments, we mention
• The fact that calorimeters can provide important information on the particle col-
lisions, in particular information on the energy flow in the events (transverse
energy, missing energy, jet production, etc.)
• Calorimeters can provide this information very fast, almost instantaneously. In
modern experiments, e.g., at the LHC, it has become possible to decide whether
an event is worth retaining for offline inspection on a time scale of the order
of 10−8 seconds. Since the LHC experiments have to handle event rates at the
level of 109 each second, this triggering possibility is a crucial property in these
experiments.
• Calorimeter data can be very helpful for particle identification.
• Important aspects of the calorimeter performance, such as the energy and posi-
tion resolutions, tend to improve with energy.
Calorimetric detection of γ’s and electrons has a long tradition, which goes back to
the early days of nuclear spectroscopy, when scintillating crystals such as NaI(Tl)
were the detectors of choice. In high-energy physics, detection of electromagnetic
showers is nowadays routinely performed with a resolution at the 1% level, both in
homogeneous [1] and sampling [2] calorimeters.
The success of experiments at a future high-energy e+e− Collider will also depend
critically on the quality of the hadron calorimetry. Unfortunately, the performance
of hadron calorimeters leaves much to be desired.
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In this paper, we describe first the reasons for the generally poor performance of ca-
lorimeters intended to detect hadrons and jets (Section 2). In Sections 3 and 4, two
methods that have been developed as a remedy for these problems are presented,
and the performance improvement achieved with these methods is compared in
Section 5. Conclusions are given in Section 6.
2 The problems of hadron calorimetry
The development of hadronic cascades in dense matter differs in essential ways
from that of electromagnetic ones, with important consequences for calorimetry.
Hadronic showers consist of two distinctly different components:
(1) An electromagnetic component; pi0s and ηs generated in the absorption pro-
cess decay into γ’s which develop em showers.
(2) A non-electromagnetic component, which combines essentially everything
else that takes place in the absorption process.
For the purpose of calorimetry, the main difference between these components is
that some fraction of the energy contained in the non-em component does not con-
tribute to the signals. This invisible energy, which mainly consists of the binding
energy of nucleons released in the numerous nuclear reactions, may represent up to
40% of the total non-em energy, with large event-to-event fluctuations.
Let us define the calorimeter response as the conversion efficiency from deposited
Fig. 1. Illustration of the meaning of the e/h and e/mip values of a calorimeter. Shown
are distributions of the signal per unit deposited energy for the electromagnetic and non-em
components of hadron showers. These distributions are normalized to the response for min-
imum ionizing particles (“mip”). The average values of the em and non-em distributions
are the em response (“e”) and non-em response (“h”) , respectively.
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energy to generated signal, and normalize it to electrons. The responses of a given
calorimeter to the em and non-em hadronic shower components, e and h, are usu-
ally not the same, as a result of invisible energy and a variety of other effects. We
will call the distribution of the signal per unit deposited energy around the mean
value (e or h) the response function.
Figure 1 illustrates the different aspects of the calorimeter response schematically.
The em response is larger than the non-em one, and the non-em response function
is broader than the em one, because of event-to-event fluctuations in the invisible
energy fraction. Both e and h are smaller than the calorimeter response for mini-
mum ionizing particles, because of inefficiencies in the shower sampling process
[3]. The calorimeter is characterized by the e/h and e/mip ratios, which in this
example have values of 1.8 and 0.8, respectively. Calorimeters for which e/h 6= 1
are called non-compensating.
Fig. 2. Properties of the electromagnetic fraction of hadron showers. Shown are the mea-
sured values of the average value of that fraction as a function of energy, for showers de-
veloping in lead or copper (a) and the distribution of fem values measured for 150 GeV pi−
showers developing in lead (b). The curves in diagram a represent Equation 1. Experimental
data from [4,5].
The properties of the em shower component have important consequences for the
hadronic energy resolution, signal linearity and response function. The average
fraction of the total shower energy contained in the em component, 〈fem〉, was mea-
sured to increase with energy following a power law [4,5], confirming an induction
argument made to that effect [6]:
〈fem〉 = 1−
[(
E
E0
)k−1]
(1)
where E0 is a material-dependent constant related to the average multiplicity in
hadronic interactions (varying from 0.7 GeV to 1.3 GeV for pi-induced reactions on
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Cu and Pb, respectively), and k ∼ 0.82 (Figure 2a). For proton-induced reactions,
〈fem〉 is typically considerably smaller, as a result of baryon number conservation
in the shower development [7]. A direct consequence of the energy dependence of
〈fem〉 is that calorimeters for which e/h 6= 1 are by definition non-linear for hadron
detection, since the response to hadrons is given by 〈fem〉 + [1 − 〈fem〉]h/e. This
is confirmed by many sets of experimental data, for example the ones reported for
CMS [8] shown in Figure 3a.
Event-to-event fluctuations in fem are large and non-Poissonian [4], as illustrated in
Figure 2b. If e/h 6= 1, these fluctuations tend to dominate the hadronic energy res-
olution and their asymmetric characteristics are reflected in the response function
[3]. It is often assumed that the effect of non-compensation on the energy resolu-
tion is energy independent (“constant term”). This is incorrect, since it implies that
the effect is insignificant at low energies, e.g., 10 GeV, which is by no means the
case. The measured effects of fluctuations in fem can be described by a term that
is very similar to the one used for its energy dependence (1). This term should be
added in quadrature to the E−1/2 scaling term which accounts for all Poissonian
fluctuations:
σ
E
=
a1√
E
⊕ a2
[(
E
E0
)l−1]
(2)
where the parameter a2 = |1−h/e| is determined by the degree of non-compensation
[17], and l ∼ 0.72. It turns out that in the energy range covered by the current gen-
eration of test beams, i.e., up to 400 GeV, Equation 2 leads to results that are very
Fig. 3. Experimental consequences of non-compensation for the hadronic calorimeter per-
formance. The non-linearity reported by CMS (a) and the energy resolution reported by
ATLAS (b). For comparison, the hadronic energy resolution reported for the compensating
ZEUS calorimeter is shown as well. See text for details.
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similar to those from an expression of the type
σ
E
=
c1√
E
+ c2 (3)
i.e., a linear sum of a stochastic term and a constant term. Many sets of experimen-
tal hadronic energy resolution data exhibit exactly this characteristic, for example
the results reported for ATLAS [9] shown in Figure 3b. In this figure, the energy
resolution is plotted on a scale linear in E−1/2, inverted to increase from right to
left 2 . Scaling with E−1/2 is thus represented by a straight line through the bottom
right corner in this plot. The experimental ATLAS data are located on a line that
runs parallel to such a line, indicating that the stochastic term (c1) is ≈ 80% and
the constant term (c2) is ≈ 5% in this case.
The root cause of the poor performance of hadron calorimeters is thus the invisible
energy. Because some fraction of the energy carried by the hadrons and released in
the absorption process does not contribute to the signal, the response to the non-em
shower component is typically smaller than that to the em shower component. And
the characteristic features of the energy sharing between these two components
lead to hadronic signal non-linearity, a poor energy resolution and a non-Gaussian
response function.
To mitigate these effects, one thus needs a measurable quantity that is correlated
to the invisible energy. The stronger that correlation, the better the hadronic calo-
rimeter performance may become. In the next two sections, two such measurable
quantities are discussed: the kinetic energy released by neutrons in the absorption
process (section 3) and the total non-em energy (section 4).
3 Compensation
The first successful attempt to mitigate the effects described in the previous section
involved a calorimeter that used depleted uranium as absorber material. The un-
derlying idea was that the fission energy released in the absorption process would
compensate for the invisible energy losses. By boosting the non-em calorimeter re-
sponse in this way, the e/h ratio would increase and, as a matter of good fortune,
reach the (ideal) value of 1.0. This is the reason why calorimeters with e/h = 1.0
have become known as compensating calorimeters.
Indeed, it turned out that the mentioned effects of non-compensation on energy res-
olution, linearity and line shape, as well as the associated calibration problems [8]
are absent in compensating calorimeters. However, it also turned out that fission
had nothing to do with this, and that the use of uranium was neither necessary nor
2 This convention is used for all energy resolution plots in this paper.
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sufficient for reaching the compensation condition. The crucial element was rather
the active material of the sampling calorimeter, which had to be very efficient in
detecting the numerous neutrons produced in the shower development process. Hy-
drogenous active material may meet that condition, since in a sampling calorimeter
with high-Z passive material, MeV type neutrons lose most of their kinetic energy
in elastic neutron-proton scattering, whereas the charged particles are sampled ac-
cording to dE/dx.
Compensation can thus be achieved in sampling calorimeters with high-Z absorber
material and hydrogenous active material. It requires a very specific sampling frac-
tion, so that the response to shower neutrons is boosted by the precise factor needed
to equalize e and h. For example, in Pb/scintillating-plastic structures, this sampling
fraction is ∼ 2% for showers [10,11,12]. This small sampling fraction sets a lower
limit on the contribution of sampling fluctuations to the energy resolution, while
the need to efficiently detect MeV-type neutrons requires signal integration over a
relatively large volume and at least 30 ns. Yet, the experiment that holds the cur-
rent world record in hadronic energy resolution (ZEUS, σ/E ∼ 35%/√E) used
a calorimeter of this type [13]). The experimental energy resolution data reported
for this calorimeter are shown in Figure 3b. Especially at high energies, this reso-
lution is much better than that of the calorimeters currently operating in the LHC
experiments.
In compensating calorimeters, the total kinetic energy of the neutrons produced
in the hadronic shower development thus represents the measurable quantity cor-
related to the invisible energy. The relative magnitude of the signal provided by
these neutrons can be tuned to achieve equality of the electromagnetic and non-
electromagnetic calorimeter responses (e./h = 1.0), by means of the sampling frac-
tion. This mechanism works because the calorimeter response to charged shower
particles is much more sensitive to a change in the sampling fraction than the re-
sponse to neutrons.
4 Dual-readout calorimetry
The dual-readout approach aims to achieve the advantages of compensation without
the disadvantages mentioned in the previous section:
• The need for high-Z absorber material, and the associated small e/mip value,
which causes non-linearities at low energy and deteriorates the jet performance
[14],
• A small sampling fraction, which limits the em energy resolution,
• The need to detect MeV-type neutrons efficiently, which implies integrating the
signals over relatively large detector volumes and long times.
The purpose of the dual-readout technique is to measure the em shower fraction
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(fem) event by event. If successful, this would make it possible to diminish/eliminate
the effects of fluctuations in fem on the hadronic calorimeter performance. This was
in itself not a new idea. Starting around 1980, attempts have been made to disen-
tangle the energy deposit profiles of hadronic showers with the goal to identify
the em components, which are typically characterized by a high localized energy
deposit [15]. Such methods are indeed rather successful for isolated high-energy
hadron showers, but fail at low energy, and in particular in cases where a number
of particles develop showers in the same vicinity, as is typically the case for jets.
The dual-readout method exploits the fact that the energy carried by the non-em
shower components is mostly deposited by non-relativistic shower particles (pro-
tons), and therefore does not contribute to the signals of a Cˇerenkov calorimeter. By
measuring simultaneously dE/dx and the Cˇerenkov light generated in the shower
absorption process, one can determine fem event by event and thus eliminate (the
effects of) its fluctuations. The correct hadron energy can be determined from a
combination of both signals.
This principle was first demonstrated by the DREAM Collaboration [16], with a
Cu/fiber calorimeter. Scintillating fibers measured dE/dx, quartz fibers the Cˇeren-
kov light. The response ratio of these two signals is related to fem as
C
S
=
fem + (1− fem)(h/e)C
fem + (1− fem)(h/e)S (4)
where (h/e)C = 0.21 and (h/e)S = 0.77 are the values of the h/e ratios for the
Cˇerenkov and scintillator structures in the DREAM calorimeter, respectively. In
general, the em fraction is thus given by:
fem =
(C/S)(h/e)S − (h/e)C
[1− (h/e)C ]− (C/S)[1− (h/e)S] (5)
The hadron energy (E) can be derived directly from the two signals S and C [17]:
E =
S − χC
1− χ (6)
in which χ is constant, independent of energy and of the particle type, determined
solely by the e/h values of the scintillation and Cˇerenkov calorimeter structures:
χ =
1− (h/e)S
1− (h/e)C (7)
Some of the merits of this method are illustrated in Figure 4, which shows that the
dual-readout calorimeter is very linear and produces the same response for pions
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and protons (Figure 4a), that the response function is well described by a Gaussian
and, most importantly, that the hadronic energy was correctly reproduced in this
way (Figure 4b). This was true both for single pions as well as for multiparticle
events [18]. In the Appendix, details are given about the particular way in which
results such as those shown in Figure 4 were obtained.
In dual-readout calorimeters, the total non-em energy, which can be derived from
the measured total energy (Equation 6) and the em shower fraction (Equation 4),
thus represents the measurable quantity correlated to the invisible energy. The limi-
tations that apply for compensation do not apply in this case. Any absorber material
may be used, as a matter of fact the dual-readout method may even be applied for
homogeneous calorimeters, such as BGO crystals [25]. The sampling fraction is not
restricted and neutron detection is not a crucial ingredient for this method. There-
fore, one is considerably less constrained when designing a calorimeter system of
this type than in case of a system based on compensation.
5 Dual-readout vs. compensation
Compensating calorimeters and dual-readout calorimeters both try to eliminate/
mitigate the effects of fluctuations in the invisible energy on the signal distributions
by means of a measurable variable that is correlated to the invisible energy. As men-
tioned in the previous sections, the variables used for this purpose are different in
compensating and dual-readout calorimeters. However, with both methods a very
significant improvement of the hadronic calorimeter performance is obtained, com-
pared to the standard non-compensating calorimeters used in the current generation
of particle physics experiments: the hadronic response is constant (i.e., the calori-
meter is linear for hadron signals), the hadronic response function Gaussian, the
hadronic energy resolution much better and, most importantly, a calibration with
electrons also provides the correct energy for hadronic showers.
Fig. 4. Results obtained with the RD52 lead-fiber dual-readout calorimeter [18]. Shown are
the average signal per unit deposited energy as a function of energy, separately for pions
and protons (a), and the measured signal distribution for 60 GeV pi− (b).
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Fig. 5. Energy resolutions reported for the detection of electrons(a) and hadrons (b) by
RD52 [18,19], SPACAL [11] and ZEUS [13].
In Figure 5, we compare the energy resolutions obtained with the best compensat-
ing calorimeters, ZEUS [13] and SPACAL [11], and the results obtained with the
RD52 dual-readout fiber calorimeter. Figure 5b shows that the hadronic RD52 val-
ues are actually better than the ones reported by ZEUS and SPACAL, while Figure
5a shows that the RD52 em energy resolution is certainly not worse.
In making this comparison, it should be kept in mind that
(1) The em energy resolutions shown for RD52 were obtained with the calorime-
ter oriented at a much smaller angle with the beam line (θ, φ = 1◦, 1.5◦) than
the ones for SPACAL (θ, φ = 2◦, 3◦) [19]. It has been shown that the em en-
ergy resolution is extremely sensitive to the angle between the beam particles
and the fiber axis when this angle is very small [20].
(2) The instrumented volume of the RD52 calorimeter (including the leakage
counters) was less than 2 tons, while both SPACAL and ZEUS obtained the re-
ported results with detectors that were sufficiently large (> 20 tons) to contain
the showers at the 99+% level. The hadronic resolutions shown for RD52 are
dominated by fluctuations in lateral shower leakage, and a larger instrument
of this type is thus very likely to further improve the results.
The comparison of the hadron results (Figure 5b) seems to indicate that the dual-
readout approach offers better opportunities to achieve superior hadronic perfor-
mance than compensation. Apparently, in hadronic shower development the corre-
lation with the total nuclear binding energy loss is thus stronger for the total non-em
energy (derived from the em shower fraction) than for the total kinetic neutron en-
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ergy. Intuitively, this is not a surprise, since the total non-em energy consists of
other components than just neutrons, and the total kinetic energy of the neutrons is
not an exact measure for the number of neutrons (which is the parameter expected
to be correlated to the binding energy loss).
In order to investigate the validity of this interpretation of the experimental results,
we performed Monte Carlo simulations of shower development in a block of matter
that was sufficiently large to make the effects of longitudinal and lateral shower
leakage insignificantly small 3 . Large blocks of copper or lead were used for this
purpose.
The simulations were carried out with the GEANT4 Monte Carlo package [21].
Events were generated with GEANT4.10.3 patch-02, which was released in July
2017. For applications of calorimetry in high energy physics, GEANT4 recom-
mends to use the FTFP BERT physics list which contains the Fritiof model [22],
coupled to the Bertini-style cascade model [23] and all standard electromagnetic
processes. This is the default physics list used in simulations for the CMS and AT-
LAS experiments at CERN’s Large Hadron Collider [24].
Pions of different energies were absorbed in these structures. For each event, the
following information was extracted:
(1) The em shower fraction, fem. This was determined by summing the energy
carried by pi0s and γ’s produced in the shower development and comparing
it with the total energy (Epi) of the showering pion. The total non-em energy
was then determined as Enon−em = Epi(1− fem).
(2) The total kinetic neutron energy, Ekin(n). For this purpose, all neutrons pro-
duced in nuclear reactions in the shower development were taken into account.
A special effort was made to avoid potential double-counting issues, for ex-
ample when a spallation neutron initiated a nuclear reaction in which other
neutrons were produced.
(3) The total nuclear binding energy loss, ∆B. This was determined from the
final-state nuclei produced in the shower development. In order to limit the
complications of this approach, we used target material consisting of only one
(the most abundant) isotope. Simulations on copper or lead were thus carried
out using 63Cu or 208Pb as target material.
Simulations were carried out for pions of 10, 20, 50 and 100 GeV. For each run,
10,000 events were generated. These (time consuming) simulations yielded a lot
of information. In situations where the results could be compared to experimental
data, such as those shown in Figure 2, the agreement was good. A detailed compar-
ison with all available experimental data is foreseen to be the topic of a forthcoming
paper. For our purpose, we were primarily interested in the correlation between the
3 Leakage through the front face (albedo) cannot be avoided, but this is an effect at the
level of a fraction of 1% for multi-GeV hadron absorption.
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nuclear binding energy loss, which is the main culprit for poor hadronic calorimeter
performance, and the variables devised to mitigate the effects of that, i.e., the total
kinetic neutron energy or fem.
Figure 6 shows some results of these simulations for 100 GeV pi− absorbed in
lead. The em energy fraction (a) and the total kinetic neutron energy (b) are plotted
versus the total nuclear binding energy loss, in a scatter plot where each event is
represented by one dot. Both the em shower fraction and the total kinetic neutron
Fig. 6. The em fraction of the deposited energy (a) and the total kinetic energy carried by
neutrons (b) are plotted versus the total nuclear binding energy loss when 100 GeV pi− are
absorbed in a massive block of lead. Results from GEANT Monte Carlo simulations.
energy are clearly correlated with the nuclear binding energy loss. To examine the
degree of correlation, event-by-event ratios were determined. For this purpose, the
em shower fraction was replaced by the non-em energy, which has the same degree
of correlation with ∆B as fem, but has the same energy dependence as ∆B. The
total non-em energy is measured event by event in dual-readout calorimeters, since
it represents a fraction (1 - fem) of the particle energy. Histograms of these ratios
are shown in Figure 7 for 50 GeV pi− showers in copper, and the rms/mean value of
these distributions is plotted in Figure 8b as a function of the pion energy for both
copper and lead absorber.
These figures confirm that the correlation between the total non-em energy and the
nuclear binding energy loss is better than the correlation between the total kinetic
neutron energy and the nuclear binding energy loss. This is true both for copper
and for lead. For lead, the correlations are somewhat better than for copper. For
the total kinetic neutron energy, this is to be expected, since in lead most of the
nucleons released in the nuclear reactions are actually neutrons. However, the cor-
relation with the total non-em energy is also better in lead. This is a consequence
of the fact that in high-Z absorber material a larger fraction of the available shower
energy is dissipated in the form of nuclear reactions, rather than the production of
pions and other mesons [6]. The GEANT4 Monte Carlo simulations confirmed this
aspect as well, as illustrated by Figure 8a, which shows the average fraction of the
energy of the incoming pion that is used to break up atomic nuclei. This fraction is
considerably larger for lead than for copper.
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Fig. 7. Distributions of the ratio of the non-em energy and the nuclear binding energy loss
(a) and the ratio of the total kinetic energy carried by neutrons and the nuclear binding
energy(b) for hadron showers generated by 50 GeV pi− in a massive block of copper. Re-
sults from GEANT Monte Carlo simulations.
Fig. 8. The average energy fraction spent on nuclear binding energy losses for pion showers
developing in a block of copper or lead, as a function of the pion energy (a). The correlation
between the em shower fraction and this nuclear binding energy loss and the correlation
between the total kinetic neutron energy and this nuclear binding energy loss as a function
of energy for pion showers developing in a massive block of copper or lead (b). Results
from GEANT Monte Carlo simulations.
The results shown in Figure 8 can be used to estimate the effects of the correlations
discussed above on the energy resolution for hadron calorimeters that are based
on dual-readout or compensation. This is done as follows. For example at 20 GeV,
the average binding energy loss in copper amounts to 16.4% of the energy of the
incoming pion. The correlation between ∆B and Enon−em is 16.2%, which means
that the pion energy can be determined with a precision of 0.164 × 0.162 = 2.7%
in that case. The correlation between ∆B and Ekin(n) is 26.5%, which gives an
energy resolution for the 20 GeV pions of 4.3%.
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Fig. 9. The limit on the hadronic energy resolution derived from the correlation between
nuclear binding energy losses and the parameters measured in dual-readout or compensat-
ing calorimeters, as a function of the particle energy. The straight lines represent resolutions
of 20%/
√
E and 10%/
√
E, respectively, and are intended for reference purposes. Results
from GEANT Monte Carlo simulations of pion showers developing in a massive block of
copper (a) or lead (b).
These results are summarized in Figure 9, for pions in copper (a) and lead (b). In-
terestingly, the differences between these two absorber materials shown in Figure
8 approximately cancel each other, and the results are very similar for the two ab-
sorber materials. These resolutions should be considered Monte Carlo predictions
for the ultimate hadronic energy resolution that can be achieved with calorimeters
using either dual-readout or compensation as the method to mitigate the effects of
(fluctuations in) invisible energy. For reference purposes, we have drawn lines cor-
responding to resolutions of 10%/
√
E and 20%/
√
E in this figure. The limits for
compensating calorimeters scale remarkably well with E−1/2, while the limits for
dual-readout calorimeters exhibit a small deviation of this scaling behavior. How-
ever, the latter limits are considerably better than for compensating calorimeters, at
all energies considered here.
Experimental data obtained by the RD52 Collaboration also support our conclusion
that the correlation exploited in dual-readout calorimeters provides a more accurate
measurement of the invisible energy. Figure 10a,b shows that the (Cˇerenkov) sig-
nal from the DREAM fiber calorimeter is actually a superposition of many rather
narrow, Gaussian signal distributions. Each sample in Figure 10b contains events
with (approximately) the same fem value, i.e., with the same total non-em energy.
The dual-readout method combines all these different subsamples and centers them
around the correct energy value. The result is a relatively narrow, Gaussian signal
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Fig. 10. Distribution of the total Cˇerenkov signal for 100 GeV pi− (a) and the distributions
for three subsets of events selected on the basis of the electromagnetic shower fraction (b).
Data from [16]. Distribution of the total Cˇerenkov signal for 200 GeV multiparticle events
(c) and the distributions for three subsets of events selected on the basis of the fractional
contribution of neutrons to the scintillator signal (d). Data from [26].
distribution with the same central value as for electrons of the same energy.
Figure 10d shows that the DREAM (Cˇerenkov) signal is also a superposition of
Gaussian signal distributions of a different type. In this case, each sample consists
of events with (approximately) the same total kinetic neutron energy. The dual-
readout method may combine all these different subsamples in the same way as
described above. In doing so, the role of the total non-em energy is taken over by
the total kinetic neutron energy, and the method becomes thus very similar to the
one used in compensating calorimeters.
A comparison between Figures 10b and 10d shows that the signal distributions from
the event samples are clearly wider when the total kinetic neutron energy is chosen
to dissect the overall signal. This is consistent with our assessment that dual-readout
is a more effective way to reduce the effects of fluctuations in invisible energy on
the hadronic energy resolution.
Apart from that, dual-readout offers also several other crucial advantages:
• Its use is not limited to high-Z absorber materials.
• The sampling fraction can be chosen as desired.
• The performance does not depend on detecting the neutrons produced in the ab-
sorption process. Therefore, there is no need to integrate the calorimeter signals
over a large detector volume.
• The signal integration time can be limited for the same reason.
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Fig. 11. Results obtained with the DREAM copper-fiber dual-readout calorimeter, in which
the time structure of the signals was measured [26]. A scatter plot in which the measured
contribution of neutrons to the signals (fn) is plotted versus the measured ratio (C/S) of
the Cˇerenkov and scintillation signals (a). A scatter plot in which the measured Cˇerenkov
signal is plotted versus fn, for two different bins in the C/S distribution (b). The energy
resolution for different fn values, for events with (approximately) the same fem value (c).
This is not to say that there is no advantage in detecting the neutrons produced in
the shower development. In fact, this may further improve the hadronic calorimeter
resolution, since fem and fn are correlated with the nuclear binding energy losses
in different ways, and thus may offer complementary benefits. Figure 11a shows
that a decrease in the Cˇerenkov/scintillation signal ratio (from which fem can be
derived) corresponds to an increase of the neutron component (fn) of the scintilla-
tion signal. However, as shown in Figure 11b, this correlation is not perfect. In this
scatter plot, the fn values are plotted for two narrow bins in the distribution of the
Cˇerenkov/scintillation signal ratio. In both cases, the fn values cover a much larger
range than the ±2% range of the fem values. Figure 11c shows that the energy res-
olution depends rather strongly on the chosen fn value, for a given value of fem.
RD52 has shown that the complementary information provided by measurements
of fem and fn leads to a further improved hadronic energy resolution [26]. How-
ever, even without explicitly determining fn, which involves measuring the time
structure of each and every signal, the hadronic energy resolution that can be ob-
tained with the dual-readout method is already superior to what has been achieved
by the best compensating calorimeters.
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6 Conclusions
The hadronic performance of the calorimeter systems currently used in experiments
at high-energy particle colliders is dominated by fluctuations in the energy fraction
used to break up atomic nuclei in the shower development. Two different methods
have been proposed and tested to mitigate these effects: compensation and dual-
readout. Both methods have been demonstrated to be very effective in improv-
ing the hadronic calorimeter performance. Calorimeters based on these methods
have achieved hadronic signal linearity, Gaussian response functions, very good
hadronic energy resolutions and a correct reconstruction of the hadronic energy in
instruments calibrated with electrons. We have investigated and compared the prin-
ciples on which both methods are based and concluded that dual-readout calorime-
try provides somewhat superior performance, combined with fewer practical re-
strictions, than compensation.
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Appendix
The performance results of the RD52 dual-readout calorimeter shown in Figure 4
were obtained with a method described in this Appendix. As pointed out by D.
Groom in the Review of Particle Physics [27], the (S,C) data points from a dual-
readout calorimeter are clustered around a straight line in the scatter plot (Figure
12a). This line links the point for which fem = 0 with the point for which fem = 1.
The latter point is located on the diagonal (C = S), where also the data points
for em showers are located. The angle θ is only determined by the e/h values of
the Cˇerenkov and scintillation calorimeter structures and is independent of energy
and of the particle type. It is also the same for single hadrons and jets. Its value is
related to the χ parameter in Equation 7, as: χ = cot θ. This equation represents
a transformation in which each data point is moved up along the red line until it
intersects with the diagonal, as illustrated in Figure 12b. The data points obtained
in this way are thus clustered around the same energy value as the data points for
electrons of the same energy. Projecting these data points on the horizontal (S)
and vertical (C) axes leads to Gaussian signal distributions centered around the
correct particle energy. This is true for both pions and protons, even though the fem
distributions for these particles may be quite different (Figure 12a).
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Fig. 12. The S − C diagram of the signals from a dual-readout calorimeter. The hadron
events are clustered around the straight (red) line that links the points for which fem = 0
and fem = 1. Protons and pions have different fem distributions and are thus clustered
differently around this line (a). The effect of the dual-readout formula (6) is shown in
diagram b. The effect of a rotation of the red line and the associated distribution of data
points (8) is shown in diagram c.
The projections of the data points obtained with Equation 6 on the S and C axes
are identical, since these data points are now located on the diagonal. However, the
energy resolution of the calorimeter is better than the width of these distributions,
which is dominated by fluctuations in the Cˇerenkov light yield. The limiting factor
for the hadronic energy resolution of this calorimeter is rather determined by the
fluctuations of the data points in the scatter plot around the (red) line that links the
points for which fem = 0 and fem = 1.
The effects of these fluctuations on the signal distributions become clear when the
measured distribution of data points is rotated around point P , which is the inter-
section of this line and the diagonal. If the calorimeter is calibrated with electrons,
then P is the point around which all electron showers that carry the same energy
as the hadrons are clustered. In other words, the coordinates of P reveal the energy
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of the hadron beam. The rotation of the measured distribution of the hadronic data
points around P , over an angle 90◦− θ, corresponds to a coordinate transformation
of the type (
S ′
C ′
)
=
(
sin θ − cos θ
cos θ sin θ
)(
S
C
)
(8)
The distribution shown in Figure 4b is the projection of this rotated distribution on
the horizontal (S) axis. Not surprisingly, the projection of the data points on the
vertical (C) axis becomes much broader after this rotation.
In this way, the information contained in the two signals provided by the calori-
meter has been used to obtain the most precise information about the energy of
the beam particles. We want to stress the fact that the energy of the beam particles
has not been used in this procedure. That energy was obtained from a straight-line
fit through the locus of experimental data points. The intersection of this line and
the diagonal of the scatter plot gave the energy of the particles, and this energy
was used to determine the hadronic signal linearity of the calorimeter (Figure 4a).
The angle θ (and thus the parameter χ) were the same for all energies and types of
hadron showers.
In practical calorimeters, the angle θ is located somewhere between 45◦ and 90◦.
The larger the angle, i.e., the larger the difference between (h/e)S and (h/e)C , the
better the dual-readout method works. This was demonstrated in detail by Groom
[30], who pointed out the importance of this “h/e contrast” for dual-readout calori-
meters. If θ = 45◦, no complementary information is provided by the two types of
signals. This is the situation one would encounter if the calorimeter was equipped
with only one type of fibers (e.g., scintillating ones), and these fibers were split into
two bunches that are read out separately. In that case, the data points would clus-
ter around the diagonal. The fluctuations of the data points around that line would
only be determined by event-to-event sampling differences between the two fiber
bunches, and a rotation of the data points into the vertical plane would probably
lead to a very narrow signal distribution. However, it would in that case not be pos-
sible to determine the coordinates of the pivot point, i.e., the particle energy. The
complementary information provided by the Cˇerenkov signals makes it possible to
determine these coordinates, and thus the particle energy, unambiguously.
The energy resolution of the RD52 dual-readout fiber calorimeter was thus deter-
mined as the width of the signal distribution for a collection of events produced
by particles of the same energy, i.e., a beam provided by a particle accelerator. No
information about the composition or the energy of this beam was used. This is
not different from the way the energy resolution is determined for other types of
calorimeters, and therefore we use these resolutions for comparison (Figure 5).
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